Salmonella genomic island 3 (SGI3) was first described as a chromosomal island in 20 Salmonella 4,[5],12:i:-, a monophasic variant of Salmonella enterica subsp. enterica serovar 21
was identical to that of a previously reported one across entire length of 81 kb. SGI3 consists of 23 86 open reading frames, including a copper homeostasis and silver resistance island (CHASRI) 24
and an arsenic resistance operon in addition to genes related to conjugative transfer and DNA 25 replication or partitioning, suggesting that the island is a mobile genetic element. We successfully 26 selected transconjugants that acquired SGI3 after filter mating experiments using the S. enterica 27 serovars Typhimurium, Heidelberg, Hadar, Newport, Cerro, and Thompson as recipients. Southern 28 blot analysis using I-CeuI-digested genomic DNA demonstrated that SGI3 was integrated into a 29 chromosomal fragment of the transconjugants. PCR and sequencing analysis demonstrated that 30 SGI3 was inserted into the 3′ end of the tRNA genes pheV or pheR. The length of the target site 31 was 52 or 55 bp, and a 55-bp attI sequence indicating generation of the circular form of SGI3 was 32 also detected. The transconjugants had a higher MIC against CuSO4 compared with the recipient 33 strains under anaerobic conditions. Resistance was defined by the cus gene cluster in the CHASRI. 34
The transconjugants also had distinctly higher MICs against Na2HAsO4 compared with recipient 35 strains under aerobic conditions. These findings clearly demonstrate that SGI3 is an integrative 36 and conjugative element and contributes to the copper and arsenic resistance of S. enterica. 37
INTRODUCTION 38
Salmonella enterica subsp. enterica serovar Typhimurium (Salmonella Typhimurium) and its 39 monophasic variant (Salmonella 4, [5] ,12:i:-) are major causes of gastroenteritis in humans and 40 animals worldwide (1-4). In particular, Salmonella 4, [5] ,12:i:-infection of humans and animals 41 has increased considerably in European countries since the mid-1990s. The epidemic Salmonella 42 4, [5] ,12:i:-strain is called the 'European clone' and is characterized by sequence type 34 (ST34) 43 and possession of a composite transposon containing antimicrobial resistance genes and a 44 chromosomal island, Salmonella genomic island 3 (SGI3). This clone has been spread from Europe 45 to the other area, including North America and Asia (1, 2, 5-9). 46
In Japan, bovine salmonellosis caused by Salmonella 4,[5],12:i:-has been increasing in the 47 last decade (6, 10, 11). We performed a phylogenetic analysis using whole-genome sequencing 48 data of 119 Salmonella Typhimurium and Salmonella 4, [5] ,12:i:-isolates obtained in Japan and 49 Italy and identified 9 distinct clades as genotypes for epidemiological analysis. Then, we 50 established an allele-specific PCR-based genotyping system detecting a clade-specific single 51 nucleotide polymorphism (SNP) to rapidly identify the clade of each isolate. Clade 9 was the most 52 prevalent in recent years among 955 Salmonella Typhimurium and Salmonella 4,[5],12:i:-isolates 53 obtained from food animals in Japan between 1976 and 2017. This clade mainly consists of 54 Salmonella 4,[5],12:i:-and shares the same characteristics as the European clone. We speculate 55 that the increased prevalence of clade 9 isolates in Japan is a part of the pandemic of the European 56 clone (12). 57
All the clade 9 isolates harbored a composite transposon containing antimicrobial resistance 58 genes defining resistance to ampicillin, streptomycin, sulfonamide, and tetracycline. However, 59 these antimicrobials do not appear to be a main selection pressure because some former epidemic 60 4 clones of Salmonella Typhimurium showed similar resistance patterns (13, 14). Clade 9 isolates 61 also harbored SGI3, which contains genes for resistance to copper, zinc, and arsenic, and the 62 European clone exhibits an increased minimal inhibitory concentration (MIC) for copper sulfate 63 in rich broth culture (15). As copper and zinc are generally added to feed of livestock to achieve 64 growth promotion and increased feed efficiency (16), these feed additives might be an important 65 selection pressure for this clone. 66
Integrative and conjugative elements (ICEs) are self-transmissible between chromosomes of 67 different cells (17, 18) and are widely distributed among both Gram-negative and Gram-positive 68 bacteria (19). ICEs include genes defining a type IV secretion system, which contributes to 69 conjugative transfer, in addition to an integrase and an excisionase (17, 19) . ICEs can excise 70 themselves from the donor chromosome, form a circular intermediate, transfer by conjugation and 71 reintegrate into the recipient chromosome. Each ICE has variety of cargo genes that contribute to 72 antimicrobial resistance (20-24), biofilm formation (25), metabolism of alternative carbon sources 73 (26), and degradation of the persistent chemical substances (27, 28). Hence, horizontal gene 74 transfer by ICEs plays an important role for bacterial evolution. 75 SGI3 includes genes encoding the type IV secretion system and a site-specific recombinase, 76 suggesting that SGI3 might be an ICE and provide heavy metal resistance to the host. However, 77 functions of SGI3 as an ICEs are unproved to date. In this study, we determined the transfer 78 frequencies of SGI3 using clade 9 strains as donors and other Salmonella strains as recipients, and 79 the susceptibility of the transconjugants to heavy metals was compared with that of their parental 80 strains to prove that SGI3 was a functional ICE. Moreover, we constructed deletion mutants of the 81 copper resistance gene clusters among SGI3 and compared the susceptibility to copper with that 82 of the parental strains to identify the functional gene clusters that contributed to copper resistance. 83 5
MATERIALS AND METHODS 84
Bacterial strains. The strains used in this study are listed in Table 1 . Salmonella Typhimurium 85 LT2 (29) was purchased from American Type Culture Collection (Manassas, VA, USA). Wild-type 86 strains of S. enterica were obtained from cattle, swine, or birds in Japan between 1997 and 2011. 87 These strains were isolated by the staff of the local animal hygiene service centers. Salmonella spp. 88
were identified based on colony morphology on selective media and biochemical properties, as 89 previously described (30). These sequencing data were produced with more than 50-fold coverage, and pre-assembled reads 105 were generated using SMRT Link software v5. De novo assembly with pre-assembled reads was 106 6 performed with shaking until exponential phase growth was achieved. Then, 0.5 ml of donor and 4.5 ml of 124 recipient were mixed and trapped on a sterile mixed cellulose ester filter (0.45 µm pore size, Toyo 125 Roshi Kaisha, Ltd. Tokyo, Japan). The filter was placed on a LB agar plate, which was incubated 126 at 37°C for 20 hours. Bacterial cells were removed from filters by vortexing with 1 ml of sterile 127 saline solution. Transconjugants were selected on DHL agar plates containing rifampicin (100 128 µg/ml) and Na2HAsO4 (8 mM) (FUJIFILM Wako Pure Chemical). Donor was selected on DHL 7 agar plates with Na2HAsO4 (8 mM). Transfer frequency was calculated as the number of 130 transconjugants divided by the number of donor cells. We repeated the conjugation experiments 131 up to thrice for each recipient to obtain transconjugants. 132 PCR. Primers used in this study are listed in Table S1 . SNP genotyping was performed to identify 133 the genetic background of Salmonella Typhimurium and Salmonella 4,[5],12:i:-using primer pairs 134 SNP3_F/SNP3_R and SNP9_F/SNP9_R (12). IS200 located between the genes fliA and fliB of 135 Salmonella Typhimurium can be used as a specific marker of this serovar (36). The primer pair 136 FFLIB/RFLIA was used for amplification of the intergenic region by PCR to determine whether 137 the tested isolate is Salmonella Typhimurium. The amplicon sizes from Salmonella Typhimurium, 138
Salmonella 4,[5],12:i:-, and other serovars were expected to be 1,000, 1,000, and 250 bp, 139 respectively (37). To localize SGI3, we amplified the junction region between SGI3 and the 140 recipient chromosome. Primer pairs SGI3_LJ_F/SGI3_LJ_R and SGI3_RJ_F/SGI3_RJ_R were 141 used to amplify the left and right junction of SGI3 at the pheR locus, respectively. Primer pairs 142 SGI3_LJ_F2/SGI3_LJ_R and SGI3_RJ_F/SGI3_RJ_R2 were used to amplify the left and right 143 junction of SGI3 at pheV locus, respectively. To confirm the occurrence of the circular form of 144 SGI3, the primer pair SGI3_RJ_F/SGI3_LJ_R was used. All of the oligonucleotides used in this 145 study were purchased from Hokkaido System Science (Hokkaido, Japan). 146 A single colony (2 mm in diameter) was suspended in 50 µl of 25 mM NaOH. After boiling 147 for 5 min, the suspension was neutralized by adding 4 µl of 1 M Tris-HCl (pH 8.0) and centrifuged 148 at 20,000 × g for 5 min, and 1 µl of the supernatant was used as template DNA. To confirm the 149 occurrence of the circular form of SGI3, template DNA was prepared by collecting bacterial cells 150 after shaking in LB-broth at 37°C for 4 hours. for the detection of 23S rRNA, pcoA, and integrase genes, respectively (Table S1 ). 181
Construction of gene replacement vectors and generation of deletion mutants. To generate 182
deletion mutants of SGI3, pco gene cluster, and cus gene cluster, gene replacement was performed 183 as described previously (40) MgSO4, PCR buffer, and 0.5 U KOD-Plus-DNA polymerase using 25 amplification cycles. The 198 same procedure was performed to generate the insert fragments for the gene replacement vector 199 for pco gene cluster and cus gene cluster. All primers used for the procedure are listed in Table S1 . 
RESULTS 218
Structure of SGI3 in wild-type strains. The clade 9 isolates L-3838 and L-3841 harbored a 219 genomic island, which was identical to SGI3 in the Australian Salmonella 4,[5],12:i:-strain TW-220 Stm6 (33). The ORFs of SGI3 in L-3841 were listed in Table S2 . The SGI3 length of L-3838 and 221 L-3841 is 80,686 bp except for a direct repeat in both ends, and the nucleotide sequence identity 222 of both isolates was 100%. SGI3 of these isolates had almost identical nucleotide sequence 223 (80,685/80,686 bp) to that of TW-Stm6. SGI3 of L-3838 was integrated into the 3′ end of the 224 chromosomal tRNA gene pheV and formed a 52-bp direct repeat at both ends. SGI3 of L-3841 was 225 integrated into the 3′ end of the chromosomal tRNA gene pheR and formed a 55-bp direct repeat 226 at both ends (Fig. S1 ). Among eighty-six ORFs identified in L-3841, 24 ORFs were predicted as 227 heavy metal-resistant genes (Fig. 1) . Seventeen out of the 24 ORFs formed a heavy metal 228 homeostasis/resistance island called the Copper Homeostasis and Silver Resistance Island 229 (CHASRI) (42). The CHASRI consists of a plasmid-borne copper resistance system (pco) cluster 230 (pcoABCDRSE) (43), a sil heavy metal export system cluster (silE and silP) (44), and a copper 231 sensing copper efflux system (cus) cluster (cusABFCRS) (45). The nucleotide sequence identity of 232 CHASRI located in SGI3 and E. coli str. APEC-O1 plasmid pAPEC-O1-R (GenBank accession 233 number NC_009838.1) was 95% (Fig. 2) . The remaining seven heavy metal-resistant genes formed 234 an arsenic resistance operon (arsRDABC) (46). The nucleotide sequence identity of the arsenic 235 operon located in SGI3 and Enterobacter cloacae ATCC13047 plasmid pECL_A (GenBank 236 accession number CP001919.1) was 92% (Fig. 2) . The structure of the remaining part of SGI3, 237
including genes relating to conjugative transfer and DNA replication or partitioning, showed high 238 similarity with the ICE-like genomic island of Edwardsiella icutaluri MS-17-456 (GenBank 239 accession number CP028813.1). The nucleotide sequence identity of genes traD, traG, and traI 240 located in SGI3 and ICE-like genomic island of E. icutaluri MS-17-456 were 91%, 92%, and 86%, 241 respectively (Fig. 2) . 242
Transfer of SGI3. The results of the conjugation experiment are shown in Table 2. SGI3 of donor  243 strain Salmonella 4,[5],12:i:-L-3841 (SNP genotype 9) was successfully transferred to recipient 244 strains of Salmonella Typhimurium or Salmonella 4,[5],12:i:-with SNP genotypes 1 to 8. The 245 transfer frequencies ranged from 1.2 × 10 -7 to 1.3 × 10 -4 per donor. The SGI3 was also transferred 246 to other serovars, including Heidelberg, Thompson, Hadar, Newport, and Cerro, with the transfer 247 frequencies ranging from 4.1× 10 -9 to 1.7 × 10 -5 per donor. and their transconjugants to CuSO4 were the same under aerobic conditions with the exception of 281 strain L-4153. The MICs of transconjugants to CuSO4 under anaerobic conditions were four to six 282 times higher than those of their wild-type strains. The MICs were the same as that of the donor 283 strain L-3841. The MICs of wild-type strains and their transconjugants to ZnCl2 were the same or 284 slightly different (1 mM difference) under both aerobic and anaerobic conditions. The MIC of 285 genotype 9 strains to Na2HAsO4 under aerobic conditions was >64, whereas that of other genotypes 286 of Salmonella Typhimurium and other serovars were ranged from < 0.25 to 4. The MICs of the 287 14 transconjugants to Na2HAsO4 were at least 32-fold increased compared with those the wild-type 288 strains. The MICs of LT2TCpheRΔSGI3 and LT2TCpheRΔcus to CuSO4 under anaerobic 289 conditions were six times lower than those of their parental strains, LT2TCpheR (Table 3) . 290
DISCUSSION 291
In this study, we characterized the genomic island SGI3, which was first described in the 292
European Salmonella 4,[5],12:i:-clone (15). The corresponded clone has been isolated in Japan 293 since 2000s and was designated as clade 9 (SNP genotype 9) in the previous study (12). The SGI3 294 structure of Japanese strains was almost identical to that of the Australian strain TW-Stm6 (33) 295 and the European strain SO4698-09 (15). The SGI3 nucleotide sequence identity of these isolates 296 was almost 100% across the entire length of 80,685 bp. These data support the notion that the 297 worldwide dissemination of the Salmonella 4,[5],12:i:-clone originated from Europe. 298
The nucleotide sequences of the core region of SGI3 showed low similarity to representative 299
ICEs that were reported previously. However, SGI3 contains genes encoding a site-specific 300 recombinase XerD (47), an ICE relaxtase TraI (48), and typeVI secretion system (Table S2) , 301 suggesting that this island is a mobile genetic element. Transconjugants that acquired the SGI3 in 302 their chromosome were successfully selected after the filter mating experiment in this study (Table  303 2). The 3′ end of tRNA genes is a representative attachment site of ICEs reported previously (49), 304 and SGI3 was inserted into the 3′ end of tRNA genes pheV or pheR (Fig. 3a) . Southern blot analysis 305 results supported the chromosomal location of SGI3 in the transconjugants (Fig. 3b) . The attI 306 sequence indicating the generation of circular form of SGI3 was detected by PCR in donor and 307 recipient strains (Fig. 3a) . These data suggested that SGI3 was excised from the donor chromosome, 308 transferred by conjugation, and integrated into the host chromosome by site-specific 309 recombination. 310 15 A direct repeat (attL and attR) was formed by the integration of SGI3 in the chromosome of 311 the transconjugants. Although the size of the direct repeat generated from pheV (52 bp) was 3 bp 312 shorter than that from pheR (55 bp), the nucleotide sequence was identical (Fig. S1 ). The 52-bp 313 and 55-bp sequences seemed to be recognized as attachment sites of SGI3. 314
We could not detect any transconjugants from four strains of S. enterica, including serovars 315 Infantis, Choleraesuis, Dublin, and Enteritidis, after three independent conjugation experiments, 316 while transconjugants were successfully obtained from all genotypes of Salmonella Typhimurium, 317
including Salmonella 4,[5],12:i:-. We detected the 55-bp attachment sequences among these strains 318 by PCR and sequencing (data not shown). In this study, we performed the conjugation experiment 319 without any chemicals inducing the SOS response. The addition of mitomycin C or antimicrobials 320 might leads to successful conjugative transfer of SGI3 to these strains (19) . 321 SGI3 contains CHASRI and the ars gene cluster, which contribute to heavy metal-resistance 322 ( Fig. 1) . CHASRI emerged and evolved in response to copper deposition across aerobic and 323 anaerobic environments (42). CHASRI confers copper resistance under aerobic and anaerobic 324 conditions and during the shift between aerobic and anaerobic environments, which could explain 325 its wider distribution among facultative anaerobes. 326 CHASRI consists of two copper-resistance gene clusters: pco and cus. The pco gene cluster 327 includes pcoABCDE1E2G-RS and is potentially involved in periplasmic copper detoxification (50). 328
PcoA is a multi-copper oxidase and oxidizes Cu(I) to less toxic Cu(II) in the periplasm. Since PcoA 329 has a twin-arginine motif in its leader sequence, it is probably translocated into the periplasm via 330 under aerobic conditions. These observations suggest that the products of the cus gene cluster play 348 an important role in copper homeostasis especially under anaerobic conditions. 349
In our study, all of the SGI3 transconjugants had higher MICs to CuSO4 compared with the 350 recipient strains under anaerobic conditions. Furthermore, the MICs of the cus gene cluster 351 deletion mutants L-3841∆cus and LT2TCpheR∆cus to CuSO4 were equivalent to those of L-352 3841∆SGI3 and LT2TCpheR∆SGI3, respectively (Table 3 ). These data indicate that the products 353 of the cus gene cluster contribute to copper resistance of S. enterica under anaerobic conditions 354 and are concordant with results of earlier studies (53-55). On the other hand, we did not detect 355 MIC differences between pco gene cluster deletion mutants and parental strains. Given that the 356 contribution of the pco gene cluster products to copper resistance is subtle (57), intrinsic copper 357 resistance under aerobic conditions might mask this activity. 358
The ars gene cluster includes arsABCDR (58). ArsA is a soluble ATPase, which interacts with 359 the integral membrane protein ArsB. Prior to efflux, arsenate is reduced to arsenite by small 360 cytoplasmic arsenate reductase ArsC to activate ATPase activity of ArsA. Then, arsenite is pumped 361 out through ArsB. This system involves the detoxification of As(III) and AS(V). All of the 362 transconjugants obtained in this study had distinctly higher MICs to Na2HAsO4 compared with 363 recipient strains under aerobic conditions. Deletion of SGI3 in the strains L3841 and LT2TCpheR 364 reduced remarkably their MICs, while deletion of the gene clusters pco and cus did not affect their 365
MICs. These data suggest that the ars gene cluster contributes to arsenic resistance of S. enterica 366 under aerobic conditions. 367
Heavy metals, such as copper and zinc, are added to livestock feed as micronutrients for 368 growth promotion and suppressing gut pathogens (16). Aromatic organoarsenic compounds are 369 also used as feed additives in the poultry industry for the same purposes (59). Medardus et. al. 370 (2014) reported that copper levels in swine feed samples ranged between 3.2 and 365.2 mg/kg. 371
Copper levels in fecal samples were higher, ranging from 71.2 to 2,397 mg/kg. Zinc levels in swine 372 feed samples varied between 77 and 2,000 mg/kg. The level of zinc in fecal samples was 373 significantly higher, ranging between 536.5 and 12,557.2 mg/kg (16). The use of high 374 concentrations of heavy metals as feed additives and biocides and the subsequent deposition across 375 the environment might pose strong selection pressures to bacteria. Notably, SGI3 conferred copper 376 resistance under anaerobic conditions, suggesting that the acquisition of SGI3 might support S. 377 enterica growth in the intestinal environment containing higher concentrations of heavy metals. 378
In conclusion, the findings of this study clearly demonstrate that SGI3 is an ICE and elevates 379 18 host resistance to copper and arsenic. The European clone has been one of the major clones of 380 Salmonella Typhimurium worldwide for more than 20 years. Elevated usage of heavy metals as 381 feed additives might represent a selection pressure for this clone. Continuous monitoring of heavy 382 metals as feed additives and the resistance of bacteria detected in the livestock industry is required. 383
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